SUMMAR Y The risk of Sudden Infant Death Syndrome is increased in infants sleeping with their head covered by bedding items. This study was designed to evaluate cardiac autonomic nervous controls in infants sleeping with the head covered by bedclothes. Sixteen healthy infants with a median age of 12 weeks (range 9-13 weeks) were recorded polygraphically for one night. While they slept in their usual supine position, a bedsheet was placed over their head for about 45 min. All infants were challenged with the head covered and with the head free during both rapid eye movement (REM) and non-rapid eye movement (NREM) sleep. Sleep, breathing and heart rate (HR) characteristics were recorded simultaneously, together with rectal and pericephalic temperatures. In both head-free and head-covered conditions, autoregressive spectral analysis of HR was evaluated as a function of sleep stages. During the head-covered periods, parasympathetic tonus decreased and sympathetic activity increased in both REM and NREM sleep. Compared with the head-free periods, the head-covered sleep periods were characterized by greater rectal (P ¼ 0.012) and pericephalic temperatures (P ¼ 0.002).
INTRODUCTION
The sudden infant death syndrome (SIDS) is the sudden death of an infant that remains unexplained despite complete postmortem studies, death scene investigation and case conference. The risk of dying from SIDS is increased when an infant sleeps with the head covered by bedsheets, blankets, quilts, or duvets (Fleming et al. 1996; Kleemann et al. 1999; L'hoir et al. 1998; Ponsonby et al. 1998 ). In such conditions, the odds ratio for SIDS has been reported to be as high as 21.6 (CI: 6.2-75.0) (Fleming et al. 1996) . The adverse effects of sleeping with the head covered by bedding items were seen mainly in infants sleeping supine (Ponsonby et al. 1998) . The finding was more prominent for 12-week-old infants than in younger infants (Ponsonby et al. 1998) . The mechanisms responsible for the deaths remained unexplained and were tentatively attributed to mechanical occlusion of the airways (L'hoir et al. 1998; Ponsonby et al. 1998) , rebreathing of expired air (Ponsonby et al. 1998) or thermal stress (Fleming et al. 1996; Guntheroth and Spiers 2001; Kleemann et al. 1999; L'hoir et al. 1998) . In a previous study, we reported that covering the infant's head with a bedsheet was associated with a significant increase in auditory arousal threshold (Franco et al. 2002) . The depressed arousability from sleep was not attributed to rebreathing, following measurements of ambient CO 2 , but rather to the observed increases in ambient temperature near the infant's face (Franco et al. 2002) .
Future SIDS victims exhibited symptoms during sleep that could be related to autonomic nervous system (ANS) dysfunctions, such as high overall heart rate (HR) (Kelly et al. 1986) , low HR variability , prolonged Q-Tc indexes (Schwartz et al. 1998) , low parasympathetic tone, high sympathovagal balance (Franco et al. 1998a; Kitney 1984; Kluge et al. 1988) or profuse sweating during sleep (Valdes-Dapena 1980) . Environmental conditions favoring an increased risk for SIDS, such as sleeping prone (Franco et al. 1996; Galland et al. 1998) , prenatal exposure to cigarette smoke (Franco et al. 2000a) , or high environmental temperature (Franco et al. 2000b) were all associated with a decrease in cardiac parasympathetic tone and ⁄ or an increase in sympathovagal balance.
We postulated that when healthy infants sleep with the head covered by bedclothes, changes in cardiac autonomic balance occur.
METHOD Subjects
Between June 1999 and November 2001, 24 infants were prospectively recruited to evaluate the physiological effects of sleeping with the head covered. The infants were eligible for the present study if they met the following criteria: they were about 12 weeks old, in good health, not receiving medication, not sleep-deprived, usually sleeping supine, born from nonsmoking parents, and with no family history of SIDS. The infants were recorded polygraphically for one night in a pediatric sleep laboratory. While they slept in their usual supine position, a bedsheet was placed over their face for about 45 min.
To determine their auditory arousal thresholds, 15 infants were exposed to white noises of increasing intensities in the face-free and the face-covered conditions. In five infants not exposed to the auditory challenges, end-tidal CO 2 was recorded for 30 min while sleeping with the face covered (Franco et al. 2002) . The changes in infants' arousal thresholds in the face-covered condition in response to auditory challenges were reported previously (Franco et al. 2002) .
In 16 infants, HR autonomic nervous controls were evaluated. The criteria of selection were based on the quality of ECG; 11 infants took part in the previous study on arousability. The HR spectral analyses were calculated prior to any noise stimuli.
Monitoring procedures
Monitoring was carried out in a quiet, dimly lit room at a temperature ranging from 21 to 24°C. All patients slept supine, without restraints. The infants were monitored by cardiorespiratory monitors (Hewlett-Packard monitor; Hewlett-Packard, Mountain View, CA, USA) and O 2 saturometers (Nellcor N 200, Pleasanton, CA, USA) and were observed continuously during recordings by a pediatrician. Their behavior and nursing interventions were charted. Feeding was administered based on demand. The infants were wearing their pyjamas and were covered with a light duvet. The clothing and bedding corresponded to 4°Tog insulation . The following variables were recorded simultaneously: eight scalp electroencephalograms (EEG) with central, temporal and occipital leads, two electro-oculograms (EOG), digastric electromyogram (EMG), and electrocardiogram (ECG). Respiratory movements were measured with the use of thoracic and abdominal strain gauges, and airflow by oral and nasal thermistors. Oxygen saturation was recorded continuously by a transcutaneous sensor (Nellcor, USA). An actigraph was placed on one arm to measure body movements. The data were collected on computerized polygraph recorders (Morpheus System; Medatec, Brussels, Belgium).
Head covered
During sleep, a cotton sheet was loosely placed over the infant's head for about 45 min. The sheet covered the infant's head entirely, care was taken to not leave leakage or openings. The cotton sheet corresponded to 0.2 Tog insulation. Eight infants were studied, first with the head covered and then with the face free. An inverse sequence was followed by eight infants (Fig. 1) . To avoid nyctohemeral influences on autonomic controls (Franco et al. 1998a; Trinder et al. 2001) , the experiments were carried out either in the first part of the night (8 pm)12:30 am) or in the second part of the night (12:31-5 am). A head-covered period and a head-free period of the same duration were analyzed for each infant.
Temperature measurements
During the night, room temperature was measured with a probe located 30 cm from the infant. At the start and (00:31 AM -5:00 AM) Figure 1 . During sleep, a cotton sheet was loosely placed over the infant's head for about 45 min, the infants sleeping supine. Eight infants were studied, first with the head covered and then with the head free. An inverse sequence was followed in eight infants. Heart rate spectral analysis, sleep stages, cardiorespiratory parameters, and oxygen saturation were studied during the head-covered and the head-free periods.
termination of the study periods, pericephalic temperatures were measured with a temperature probe placed 1 cm from the infant's forehead. Core temperature was measured in eight infants (three boys and five girls) for whom the parents had agreed to the placement of a rectal probe 1-1.5 cm inside the infant's rectum. All temperatures were recorded before and after the head-free and the head-covered periods.
Data analysis

Sleep stages
Every 30-s period of the recordings was scored as non-rapid eye movement (NREM), rapid eye movement (REM), indeterminate sleep or wakefulness, according to criteria in the literature (Guilleminault and Souquet 1979) . Sleep efficiency was defined as the time spent sleeping divided by the total recording time, multiplied by 100. Scoring was carried out visually by two independent scorers to ensure reliability. Evaluation of the recordings was performed without knowledge as to whether the head was covered or not. Inter-scorer agreement was 95%. Scoring discrepancies were discussed and codes thus agreed upon were used in the data analysis.
Cardiorespiratory and oxygen saturation
Sleep apneas were scored only if they lasted 3 s or more. A central apnea was scored when flat tracings were obtained simultaneously from the strain gauges and the thermistors. Periodic breathing was defined by at least three central apneas separated by less than 20 s of breathing movements. An obstructive apnea was scored when continuous deflections were obtained from the strain gauges, while a flat tracing was recorded from the thermistors. Median values for oxygen saturation, HR, and respiratory rate (RR) were calculated on 1-min stable sleep epochs, at least 5 min after any change in body position, movement, sigh or arousal. A drop or a rise in HR referred to changes greater than 10% of basal values. Overall HR variability was defined as the standard deviation of the RR intervals. A drop in oxygen saturation referred to changes greater than 3% of basal values. During both the headcovered and the head-free periods, the frequency of NREM, REM, and indeterminate sleep was calculated by dividing the duration of each sleep state by the total duration of the period, multiplied by 100. The frequency of apnea, movements, drops in HR and oxygen saturation was calculated as an index by dividing the absolute number of events during the period by the total sleep time of the period (Franco et al. 2000a) .
Heart rate spectral analysis
Digitized ECG signals were sampled at 300 Hz. An autoregressive power spectral analysis of the RR intervals was performed (Baselli et al. 1986; Franco et al. 1998b; Pagani et al. 1986) . Power spectral analysis of HR frequency fluctuations showed the existence of two major spectral components: a low-frequency component (LF) defined by center frequency of 0.1 Hz (0.04-0.15 Hz) and a high-frequency component (HF) defined by center frequency of 0.4 Hz (>0.15-2 Hz). The ratio of LF ⁄ HF powers was calculated for each episode as an index of sympathovagal interaction (Akselrod et al. 1985; Pagani et al. 1986 ). Premature ventricular contractions or artifact RR intervals resulting from gross body movements or arousals were eliminated by visual analysis of the HR data before HR spectral analysis was performed. Autoregressive power spectrum was calculated for three epochs of 256 successive heart beats during face-covered and face-free periods in REM and NREM sleep, before any auditory stimulation. The results of spectral analyses were obtained when the totality of the band were studied (LF band: 0.04-0.15 Hzeq; HF band: >0.15-2 Hzeq). Spectral components were represented as RR intervals (in ms), power (in ms 2 ), bandwidth (in Hzeq) and normalized power values obtained by dividing the power of the frequency band by the total power (in percentage) (Baselli et al. 1986; Pagani et al. 1986 ). Optimal autoregressive model order was determined by minimizing the value of the final predictor error and stationary was confirmed by pole diagram analysis (Baselli et al. 1986 ).
Statistical analysis
Statistical analysis was performed with the use of the Wilcoxon matched pairs test, with a level of significance of P < 0.05. Statistical analyses were performed to compare the head-free and head-covered periods. The Spearman test was used for correlation studies. The Wilcoxon non-matched pairs test was used to compare the parameters of the infants with and without rectal probe. The aim and the methodology of the study were approved by the University Ethics Committee and were explained to the parents, who gave their informed consent.
RESULTS
The 16 infants studied included five males and 11 females, with a median age at study of 10. ), the duration of the obstructive apneas (median of 4.9 s head-free and 5.5 s headcovered, range values: 3.9-8 s). There were no significant differences in median HRs, both in REM sleep (median of 123 bpm head-free, 125 bpm head-covered, range values: 112-164 bpm) and in NREM sleep (median of 120 bpm head-free, 124 bpm head-covered, range values: 111-158 bpm). No differences were seen in HR variability, both in REM (median of 4.44 bpm head-free, 3.69 bpm head-covered, range values: 1.72-9.98 bpm), and in NREM (median of 3.12 bpm headfree, 2.64 bpm head-covered, range values: 1.1-9.95 bpm). No differences were seen in oxygen saturation values in REM (median of 98% in both conditions, range values: 92-99%) and in NREM sleep (median of 98% in both conditions, range values: 93-100%).
During REM sleep, the respiratory frequency was higher in the head-covered condition (median value of 40 breaths per minute; range values: 28-53 breaths per minute), than in the head-free condition (median value of 32 breaths per minute; range values: 18-52 breaths per minute) (P ¼ 0.007). Likewise, during NREM sleep the head-covered condition was associated with a higher respiratory frequency (median value of 39.5 breaths per minute; range values: 23-59 breaths per minute), than the head-free condition (median value of 30 breaths per minute; range values: 22-49 breaths per minute) (P ¼ 0.001). The head-covered condition was associated with an increase percentage of REM sleep (median value of 49.1%; range values: 16.7-75%), compared with the headfree condition (median value of 29.2%; range values: 12.3-60.6%) (P ¼ 0.017). During the head-covered condition, less percentage of NREM sleep was seen (median value of 35%; range values: 7.8-67%), than in the head-free condition (median value of 62.7%; range values: 37.8-83.3%) (P ¼< 0.001). During the head-covered condition, there were more frequent body movements (median value of 8.6%; range values: 0-23.3%), than in the head-free condition (median value of 3.9%, range values: 0-11.5%) (P ¼ 0.016).
In both the head-free and the head-covered conditions, the cardiac parasympathetic tone appeared to be significantly greater during NREM than during REM sleep, as expressed by differences in HF normalized powers or in LF ⁄ HF power ratio (Table 1 ).
In the head-covered condition, an autoregressive power spectral analysis of the HR was consistent with a decrease in parasympathetic tonus and an increase in sympathetic activity during both REM and NREM sleep (Table 1) . During NREM, there were a significantly lower power value (P ¼ 0.013), normalized power (P ¼ 0.026) in the HF component and higher normalized LF component (P ¼ 0.026) and LF ⁄ HF power ratio (P ¼ 0.015). In REM sleep, HF normalized power was significantly reduced (P ¼ 0.004) and LF normalized power and LF ⁄ HF power ratio significantly increased (respectively P ¼ 0.004 and P ¼ 0.013). During both REM and NREM sleep, the head-free and head-covered conditions could not be differentiated for the total, LF power values. No relationship was found between autonomic nervous tone and gestational age, birth weight, age and weight at study, gender, time or type of feeding, order of the face covered.
Median room temperatures were 24°C (range 21.5°C)24°C). In the head-covered condition, the pericephalic ambient temperature increased significantly (P ¼ 0.002) ( Table 2 Changes in pericephalic temperatures were correlated in NREM sleep with a decrease in HF normalized power (r ¼ )0.37; P ¼ 0.037) and an increase in LF normalized power and LF ⁄ HF power ratio (r ¼ 0.37; P ¼ 0.037). A significant correlation was seen in NREM sleep only. No significant correlation was found between changes in rectal temperatures and autonomic values in NREM and REM sleep. This lack of significance could be due to the small number of infants in whom the rectal temperature was measured.
DIS CUSS ION
Significant decrease in cardiac parasympathetic tone and increase in sympathetic activity occurred when the infants slept with their head covered by a bedsheet. Changes in cardiac autonomic controls were seen both in REM and in NREM sleep. As usually reported, cardiac parasympathetic tone was significantly lower in REM than in NREM sleep (Trinder et al. 2001) . The autonomic changes seen when the head was covered could not be ascribed to experimental conditions known to induce an imbalance in autonomic tone, such as maternal smoking (Franco et al. 2000b) or changes in body position (Franco et al. 1996; Galland et al. 1998) .
We must admit that several limitations impinged on our study. First, the limited number of infants studied may contribute to a failure to obtain significance in some analyses. Secondly, the duration of the head-covered challenge was short and might not have led to the full development of some cardiorespiratory changes; for ethical reasons the exposure was not prolonged. Thirdly, it could be questioned whether some of the findings resulted from time differences across the night. This does not appear to be the case, as care was taken to avoid any confounding effect associated with nyctohemeral influences by randomly selecting the infants who were challenged during the first or the second part of the night. Fourthly, the reduction in HF component during the head-covered condition could be an artifact because of the higher breathing rate in this condition. The dependence of HF activity on breathing rate was observed by several investigators (Elghozi et al. 1991) . A low breathing frequency was associated with ample HR fluctuations of long periods, while a rapid breathing determined fast HR fluctuations of small amplitude. Under conditions in which breathing rate increases, HF activity could not track vagal activity accurately. For the breathing rate ranges reported in our study, it didn't seem to be the case. These breathing rates were usually reported in infants (Franco et al. 1999a; Kluge et al. 1988 ) and were often higher in newborns (Chatow et al. 1995; Curzi-Dascalova et al. 1991) in which HR spectral analyses were performed. Studying the maturation from preterm to fullterm newborns, a fixed relationship between HR variability and breathing frequency was not found (Curzi-Dascalova et al. 1991) as already reported in fullterm newborns (Hathorn 1987) and in infants (Harper et al. 1978) . Correlations between HR and respiratory variability are probably influenced by different physiological mechanisms, mainly sleep-state-related modulations of cardiac and respiratory control. Confirming this, in infants with the face covered, the breathing frequencies were not significantly different between REM and NREM sleep but the HF normalized powers were significantly lower in REM than in NREM sleep, as already reported in infants (Franco et al. 1999b) , children (Trinder et al. 2001) and adults (Van de Borne et al. 1994) . Finally, care must be exerted in the interpretation of the LF ⁄ HF ratio (Trinder et al. 2001) . Within the LF range, the HR fluctuations depend on both sympathetic and parasympathetic controls. Vasomotor or thermal influences may be seen under 0.09 Hz (Malliani et al. 1991) and baroreceptor controls contribute to changes within the 0.1-0.15-Hz frequency band (Burton 1939) . Within the HF band, the respiratory peak has been shown to be mainly vagally mediated (Schweitzer 1945) . The vagal efferent fibers could not originate from a common brainstem structure. The HF peak, that corresponds to respiratory sinus arrhythmia, would reflect only the part of the vagal efferent system from the nucleus ambiguous (Akselrod et al. 1985) . Spectral HR techniques do not permit to evaluate the influence of the other branch of the parasympathetic system issued from the dorsal motor nucleus (Porges 1994) . With these restrictions in mind, the ratio of the LF ⁄ HF powers is usually considered to be an index of sympathovagal interaction (Malliani et al. 1991; Pagani et al. 1986; Van de Borne et al. 1994; Villa et al. 2000) . Moreover, as normalized power values were obtained by dividing the power of the totality of the frequency band (LF ¼ 0.04-0.15 Hz and HF ¼ 0.15-2 Hz) by the total power (in percentage), the LF and HF normalized values as well as the LF ⁄ HF ratios are not independent measures. The changes in autonomic control in the head-covered periods could result from thermal stress. Thermal load could be secondary to insulation but also to the heating of the microclimate by breathing (Fleming et al. 1996; Kleemann et al. 1999; L'hoir et al. 1998; Ponsonby et al. 1998) . Core temperature in infants was reported to decrease spontaneously during the first 3-5 h of sleep (Lodermore et al. 1991; Tuffnell et al. 1995) , unless opposed by environmental factors, such as sleeping with the head covered. Temperature could influence sleep structure. The REM sleep duration is influenced by peripheral temperature, peaking in the thermoneutral zone and significantly decreasing outside of the thermoneutrality (Glotzbach and Heller 1994) . In adults, sleep continuity and efficiency decrease during thermal load exposure. Sleep is more fragmented by wakefulness episodes or sleep-stage changes (Libert et al. 1991) . Inversely, sleep states could influence rectal temperature, as it has been reported that rectal temperature in REM sleep is 0.2-0.3°C higher than in NREM sleep (Glotzbach and Heller 1994) . Elevation of ambient and central temperatures in infants were associated with higher basal HR, shorter RR intervals, less HR variability and lower HF normalized powers, both in REM and NREM sleep (Franco et al. 2000b ). These observations are in agreement with reports on adult subjects exposed to passive heating (Brenner et al. 1997) , in whom the changes in autonomic controls were attributed to a combination of vagal withdrawal, small elevation of orthosympathetic activity and of metabolic mechanisms (Gorman and Proppe 1984) . An increased thermal load could also account for the greater risk of SIDS reported in 12 week-old infants sleeping with the head covered by items than in younger infants (Ponsonby et al. 1998) . By 3 months of age, infants are more at risk of developing thermal stress than younger subjects, as heat production increases in proportion to surface area (Lee and Iliff 1956) , with little ability to lose heat by sweat (Fleming et al. 1990; Foster et al. 1971) . As at this age, the head is responsible for the most important part of thermolysis (Fleming et al. 1990 ). Thermoregulation could be compromized when the head is covered by a bedsheet, considering that the risk is probably increased at home, where the infants were often found under blankets or duvets (L'hoir et al. 1998; Ponsonby et al. 1998) .
The clinical significance of the observed changes in autonomic cardiac controls is not known. Such changes could reduce the electrical stability of the heart and precipitate ventricular fibrillation and sudden cardiac death (Kliege et al. 1987; Martin et al. 1987; Schwartz et al. 1992 ). An attenuated vagal or an increased sympathetic activity could also reduce behavioral adaptation to environmental stresses (Porges 1992; Shaul et al. 1989) . Blunted arousal responses and decreased parasympathetic activities were both found in infants exposed to environmental conditions associated with an increased risk for SIDS, such as prenatal exposure to cigarette smoke (Franco et al. 1999b (Franco et al. , 2000 , prone sleeping (Franco et al. 1996 (Franco et al. , 1998b Galland et al. 1998) , sleeping in a heated room (Franco et al. 2000b (Franco et al. , 2001 , or with the head covered by a bedsheet (Franco et al. 2002) . The observed changes in autonomic balance could lead to a resetting of baroreceptor sensitivity (Segar 1997) , and hence reduce blood-pressure-related arousal stimuli during auditory challenges (Sawaguchi et al. 2000) . These mechanisms could contribute to the increased risk for SIDS reported during hyperthermia Ponsonby et al. 1992) .
Despite the limitations of the study, it can be concluded that when infants slept supine with the head covered by a bedsheet, their cardiac parasympathetic tone was decreased and their sympathetic activity was increased. It remains to be determined whether these changes in cardiac autonomic controls contribute to the increased risk of sudden death reported in infants sleeping with their head covered by bedding materials.
